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ABSTRACT

High quality, single crystalline, high-temperature superconductors (YBa 2Cu 307-

&) were irradiated with 88.5 and 92.0 MeV electrons at various fluences to a

maximum of 2.5 +/- 0.5 x 10'8 electrons/cm 2. The samples were manufactured at

the Texas Center for Superconductivity at the University of Houston and this

experiment was in support of a much larger experiment investigating the effects

of various irradiations on the critical current. By introducing artificial pinning

centers, such as those produced by electron irradiation, in high-temperature

superconductors, an applied magnetic flux can be effectively pinned and the

current carrying capacity can be increased. By comparing the critical current

density enhancement effects to the total atomic displacement damage, it is found

that the enhancement depends heavily on the type and energy of radiation and

on the beam direction with respect to the crystal. It was also found that a

threshold defect-size for effective flux pinning exists. Cascade defects, 10-20 A and

larger, are at least a thousand times more effective than point defects as pinning

centers. A critical measurement required for this experiment is the determination

of the dose and the electron beam profile incident on the YBa 2Cu 3OT7 - samples.

Methods of monitoring the beam for both real-time and post experimental

analysis were developed so that the dose and fluence could easily be determined.

Additionally, methods by which the products of the irradiation were identified
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and their respective activities calculated are also presented. This work may serve

as a reference for similar, future experiments requiring a thorough and complete

understanding of electron irradiation.
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I. INTRODUCTION

A. PURPOSE OF EXPERIMENT

Since the discovery of high temperature superconductors (HTSs) the scientific

community has continually been attempting to exploit the potential applications

of their extraordinary electromagnetic properties. One obstacle which must be

overcome however,is the relatively low current densities measured in bulk

superconducting samples. Towards this goal, it is theorized that by introducing

artificial pinning centers in HTSs, such as with electron irradiation, an applied

magnetic flux can be effectively pinned, thereby increasing its current carrying

capacity. This change in critical current (Jr) is thought to be dependent upon the

size of the pinning site, which, in turn, is heavily dependent on the type and

energy of irradiation. As part of a much larger experiment examining the effects

of different irradiations at various energies on J , high energy electron irradiation

was performed at the linear accelerator (LINAC) at the Naval Postgraduate

School.

To determine the effects of electron irradiation on the critical current in Y-

Ba2Cu 3OT7 , (Y123), it is necessary to know how much radiation was incident on

each of the samples. A critical measurement therefore is the determination of dose

and the electron beam profile incident on each sample. The purpose of this

experiment, therefore, was to develop a method to monitor the electron beam, so
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that both real-time and post experimental analysis could be performed and the

fluence and dose easily calculated. Furthermore, to gain a full understanding of

the electron-Y123 interaction, methods were determined to identify the products

of the irradiation and to calculate their respective activities. These procedures can

be extended to any similar experiment at the linear accelerator (LINAC) so that

electron irradiation can be more thoroughly understood.

B. PREVIOUS WORK

1. High Energy Electron Irradiation

Recent work at the Naval Postgraduate School LINAC has concentrated on

the electron radiation effects on resistance and critical temperature of Y123 as well

as its "resistance" to radiation. Sweigard [Ref. 11 observed a slight increase in the

normal state resistance and a small decrease in critical temperatures after

irradiation to high doses (greater than 1 megarad). Wolfe [Ref. 2] observed a

similar change in the normal state resistance and a slight shift in the transition

temperature after high doses and also concluded that the Y123 superconductor

is sufficiently "hard" for high radiation environments. Wolfe's experiment showed

that the effects were similar whether the irradiation was done at liquid nitrogen

temperatures or at room temperatures. Hammerer [Ref. 31 observed neutron

irradiation effects in reactoi irradiated samples and observed a complete loss of

2



superconductivity in Y123 at fluences on the order of 10" fast and thermal

neutrons/cm2 .

Elsewhere, investigation of HTS properties has exploded since the discovery

of high temperature superconductors by C.W. Chu at the University of Houston.

It has been shown by the University of Houston that low energy electron and

gamma irradiation have little effect on the critical current. Likewise, ion

bombardment has proved futile in enhancing the critical current [Ref. 4]. Several

experiments, using fast neutron irradiation, have shown an increased critical

current in bulk crystalline samples of Y123 by factors of 10 to 100 [Refs. 5,6,7].

Likewise, 3 MeV electrons were found to also enhance Jc on the same order of

magnitude as neutron bombardment, but a marked decrease in J, was discovered

upon further irradiation. This suggests a threshold for the enhancement [Refs.

8,9,101.

Other research with HTS's has studied the quality of samples to explain

irradiation effects. Nastasi et al. [Ref. 11) observed that the electron dose required

to initiate interstitials and hence pinning sites is lower for grain boundary

irradiations as compared to large single grain irradiations. To examine this

further, Vichery et al. [Ref. 12] conclusively showed that degradations in the

critical temperature and the normal state resistivity resulted from intragrain

damage in single crystalline samples. While examining the crystal structure of

Y123, Rullier-Albenque et al. [Ref. 131 and Meyer [Ref. 4] found a drastic decrease
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in T, when the concentration of oxygen vacancies increased and concluded that

the superconducting properties are not only determined by the composition and

the defect structure but also by the amount and lattice location of the oxygen.

Follow on experiments by Vichery et al. [Ref. 121 and Hoffmann et al. [Ref. 141

suggest that it is more likely to assume that displaced copper atoms also affect the

transport properties in irradiated Y123. Nevertheless, it appears that the initial

state of the sample probably affects the irradiation response. Although there has

been much research and many conclusions drawn in very specific areas, it is clear

that a more complete and systematic research is neces -ary to fully understand the

effects of particle irradiation on the critical current.

2. Dosimetry

Dosimetry is a key component of the experiment to determine the effects

of radiation on the critical current. Previous work done at the LINAC in

calculating the dose on radiated samples was done by one of two different

methods. Sweigard [Ref. 1] performed a lengthy and complicated calculation

which yields a calculated dose; whereas, Wolfe [Ref. 2] used a thermoluminescent

dosimeter (TLD) to measure the dose. Although the latter method will yield a

dose very quickly to a known charge accumulation, the dose given will be for a

TLD chip and therefore only an approximation of the dose on an irradiated target.
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C. OVERVIEW OF EXPERIMENT

In this experiment several high quality, single crystal Y123 samples were

exposed to various doses and at different angles relative to the crystalline c-axis.

A more thorough discussion of the crystal structure and an overview of

Superconductor theory is contained in Appendix C. To examine the effects of

irradiation on JT, and the resistivity, p, two runs were conducted using 88.5

MeV and 92.0 Mev elecL -n beams produced by the linear accelerator (LINAC),

located at the Naval Postgraduate School (NPS), Monterey, California.

The samples were manufactured by the Texas Center for Superconductivity at

the University of Houston (TCSUH). High quality (single crystal) samples were

used because sample inhomogeneities are sensitive to radiation damage and result

in the growth of an amorphous phase within the sample. It was felt that the lack

of quality in previous samples is the main reason for the inconsistencies of earlier

irradiation experiments. Therefore, single crystal, high quality samples were used.

The samples were exposed to various doses and the resistance and temperature,

as well as the critical current were measured both prior to and after irradiation.

To determine the fluence and dose on each Y123 sample, optical transition

radiation (OTR) images were used to profile the electron beam during the

experiment. A secondary emission monitor (SEM) was used to monitor the

electron beam's current. From these measurements, the dose was calculated and

then compared to a measured dose obtained from TLD dosimetry. Technical
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problems with the LINAC precluded TLD dosimetry from being accomplished

during the first run and, therefore, was performed on the second run only.

After irradiation, a NaI(Tl) detector was used for pulse height analysis to

identify and measure activation induced in the superconducting samples during

irradiation.

This paper will serve as a reference for conducting the different aspects of an

irradiation experiment at the NPS LINAC such as monitoring the beam,

calculating fluence and dose, identifying the radioactive isotopes of the irradiation

and calculating their respective activities.
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II. ELECTRON BEAM DIAGNOSTICS

A. DOSIMETRY

1. Calculated Dose

When high energy electrons, as from an electron beam, bombard a target

several things may happen. The electron may pass through undeflected or it may

be deflected and absorbed, each time losing energy. The energy lost per unit path

length is called the specific energy loss, and the energy losses due to ionization

and excitation, or collisional losses may be calculated by:

dE 2Te4NZ moV 2E
C [in 2in2(2Vrl-i _l+p2) +(1-P2) +1 (i_ 1 -p 2 ) 2 ]

dxc r 0V2  21(1402)8
(i)

Where e = electron charge, N = number density of absorber atoms, Z = atomic

number of absorber atoms, mo = electron rest mass, v = electron velocity, E =

electron energy in MeV, I = average ionization and excitation potential of the

absorber and 9 = relativistic velocity ratio (v/c) [Ref. 15]. This expression

describes the specific energy losses of low energy electrons and is nearly the same

as that from protons [Ref. 151. Equation (1) is difficult to calculate reliably because

I must be obtained empirically and may not be readily available. Unlike the more

massive proton,when electrons are accelerated to high energies and their velocities

become relativistic; the electrons are more apt to scatter several times, each time
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changing its velocity in both magnitude and direction. These accelerations cause

the electrons to radiate bremsstrahlung radiation and the associated radiative

specific energy loss is given by [Ref. 151:

-! d= NEZ(Z+I) e 4  2E

dx !37(MC 2 ) 2  771n 2  3 (2)

By inspection, radiative energy loss is more significant for high energy electrons

and for absorber atoms of high atomic numbers. The total energy loss of the

electrons as they pass through a target is called the total linear stopping power

and is given by the sum of the collisional and radiative specific energy losses:

dE _.dE) (dE)dx d dx c+ r~d
(3)

The two expressions (1) and (2) give a convenient numerical approximate ratio:

dE) EZ

(dE) 700
(4)

With E in MeV.

Using these relationships one can determine the percentages of energy lost

due to radiation and collision. First calculate the ratio, EZ/700 and (dE/d)rad for
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each absorber atom. Then from equation (4), (dE/dx), may be determined. The

percentage of energy lost due to either radiation or collisions for each absorber

atom may then be found. Table I shows the contributions of radiative and

collisional energy losses due to each absorber atom for both runs of the

experiment. Note that there is very little difference between the results of the two

runs since the energies were almost the same.

TABLE I
ENERGY LOSS DISTRIBUTION DUE TO RADIATION AND IONIZATION

ABSORBER ATOMIC NUMBER RUN 1: E=88.5 MeV RUN 2: E=92.0 MeV
NUMBER DENSITY

ATOM z N %(dE/dX),.d %(dE/dX), %(dE/dX),., %(dE/dX),

Y 39 1 83.1 16.9 83.2 16.8

Ba 56 2 87.6 12.4 87.6 12.4

Cu 29 3 78.6 21.4 78.6 21.4

0 8 7 50.2 49.8 50.2 49.8

To calculate the percentage of energy lost due to either radiation or

collisions for each run, simply sum the products of each absorber atoms

percentage of specific energy loss (%(dE/dx)) with the associated number density,

N, and divide by the sum of all number densities. For example; the percentage

9



of energy lost due to radiation for Y123 in the first run may be found by the

following operation:

%(rad) = [(83.1)(1)+(87.6)(2)+(78.6)(3)+(50.2)(7)]/13 (5)

This calculation yielded the same approximation for both runs:

Y123 = 65.0% of energy lost due to radiation
Y123 = 35.0% of energy lost due to collisions/ionization

For radiation effect studies, in general, radiative losses may be neglected

because the average sample thickness for each run was approximately 0.5 mm

and most of the bremsstrahlung radiation would have escaped the samples

without further significant energy exchanges [Ref. 1].

After neglecting radiative losses, to determine the specific energy losses for

the Y123 compound it is first necessary to find the specific energy losses for the

compounds' constituents. These may be found by interpolation of experimentally

determined specific energy loss values for atoms as tabulated in Reference 16. As

oxygen and copper are the only elements of the Y123 compound listed in

Reference 16; it is first necessary to establish a relationship so that a conversion

factor can be applied to those elements listed to determine the values of the

remaining constituents of the compound.

10



By inspection of Equation 1, the collisional specific energy loss of each

absorber atom is proportional to the product of the number density with the

atomic number. Therefore the following relationship must also be true:

dE) a Z
A 

(6)

where Z is the atomic number of the absorber atom and A is its associated atomic

weight. Due to this relationship, tabulated specific energy losses of elements

nearest in atomic number to those constituents not listed can be used to calculate

the specific energy loss for each of the Y123 absorber atoms. Therefore the

following expression may be established for calculating (dE/dx), for the

constituents in question:

(z)(dE) 2 (E),
dx 2  Z) dx 1

A (7)

where subscript I implies the known interpolated values and subscript 2 implies

the specific constituent of the Y123 compound. A weighted value for each

constituent may then be calculated by multiplying the specific energy loss with

the number density of the absorber atom and then dividing by the sum of all the

number densities for the compound.
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Tables II and III summarize the foregoing procedure for the Y123

compound for runs 1 and 2 respectively. Also included in Table II are the

tabulated values for CaF2, a TLD used for dosimetry in the second run. In Table

II, note that two elements, Oxygen and Neon, were used for Fluorine due to the

proximity of their atomic numbers and the weighted value listed is the average

of the two.

TABLE II
COLLISIONAL SPECIFIC ENERGY LOSS VALUES, RUN 1

Run 1: E=88.5 MeV .,___ (A), Weighted

At N Z A2  Atom, Z, A1  Nv)
gm/cm, ___M/____ ___M_____t

Y 1 39 88.91 Kr 36 83.80 1.920 1.961 0.151

Ba 2 56 137.33 Xe 54 131.30 1.786 1.771 0.272

Cu 3 29 63.55 Cu 29 63.55 1.660 1.660 0.383

O 7 8 16.00 0 8 16.00 2.407 2.407 1.296

TABLE III
COLLISIONAL SPECIFIC ENERGY LOSS VALUES, RUN 2

Run 2: 92 MeV __,_ AE_ Weighted-a d dE

Atom, N, Z2 A Atom Z, A, Mo- )v __

gmlcm gmicv, _0-

Y 1 39 88.91 Kr 36 83.80 1.926 1.967 0.151

Ba 2 56 137.33 Xe 54 131.30 1.793 1.778 0.274

Cu 3 29 63.55 Cu 29 63.55 1.663 1.663 0.384

0 7 8 16.00 0 8 16.00 2.413 2.413 1.299

Ca 1 20 40.08 Ar 18 39.95 2.099 2.324 0.775

F 2 9 19.00 0 8 16.00 2.413 2.286 1.523

Ne 10 20.18 2.386 2.281
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Summing the weighted values for Y123 and CaF yields the following

specific energy losses for both runs:

d E [ ) Y123 -- 2 .102 MeV/gm/cm2

[K Run 11 (8)
dE

(d) -92- 2.108 MeV/gm/cm 2  [Run 21 (9)

2.108 MeV/g2.29cm 2e[R21I(9)

dx Cd"- 2.2g8 MeV/gm/cm 2  [Run 31 (10)

Multiplying the specific energy loss for the Y123 compound by the fluence

(electrons/cm 2) of each sample and the conversions of 1.6x10 -6 ergs/MeV and I

Rad/100 ergs/gm will yield the calculated dose on the Y123 samples for each run.

The only unknown variable left is the fluence, which will be discussed in a later

section. The specific energy losses for both Y123 and CaF2 will be used in a

correction to the measured dose so that it may be compared to the calculated

value.

2. Measured Dose

Measuring the dose from the electron beam was accomplished using

calcium-fluoride (CaF2) thermoluminescent dosimeters (TLD's) and then

multiplying the value obtained by a correction factor to yield the dose for a Y123

sample. CaF2 TLDs were used due to their linear response over a large range of

absorbed dose. The CaF2 chips were placed in the comer of a plastic bag at the

front and center of the target chamber. When the electrons in the beam strike the

13



TLD, the electrons in the TLD are elevated from the conduction band to the

valence band and become trapped. After an exposure, the TLD's are heated

slowly in a TLD reader and when the temperature is high enough for the trapped

electrons to obtain the required energy to re-excite back to the conduction band,

a radiated photon in the visible region results. Through the use of a photo-

multiplier tube, the total number of photons are related to the radiation exposure,

and hence dose. Although the saturation level for the TLD reader is approximate-

ly 7-8 kilorads, high doses can be determined by establishing a dose to integrated

electron current ratio [Ref. 11.

To determine the integrated electron beam current passing through the TLD

chip to be used for the charge-dose conversion plot, a Secondary Emissions

Monitor (SEM) was used. For this experiment the SEM was placed in the path of

the electron beam downstream of the target. The SEM uses extremely thin

aluminum foils which emit secondary electrons when hit by the incident beam.

These secondary electrons are used to charge a capacitor and create a voltage

across it. This voltage is then a measure of the integrated charge collected across

the capacitor and is given by:

QS14 Cv 011)

14



where QSFM is the charge on the capacitor within the SEM, C is the known

capacitance and V is the integrated voltage. From this relationship a voltage-dose

conversion plot is obtained.

The number of electrons which pass through the SEM can be determined

from:

cv
e (12)

where NSIM is the number of electrons through the SEM, and e is the electronic

charge per electron.

A calibration was performed on the SEM against a Faraday cup at the

beginning of the experiment and it was determined that the efficiency of the SEM

is 12.7 +/- 0.5 percent. This calibration is discussed in Appendix B. Therefore, the

total number of electrons passing throughout the target, N, is:

0.127 (13)

This relationship was used to calculate the fluence.

Through a voltage-dose conversion plot, the dose on a CaF2 TLD at the

front and in the center of the target chamber has been measured. To convert this

dose to the dose on a Y123 sample located throughout the target chamber, a

15



correction factor must be applied. All the Y123 samples in the chamber for run

2 were centrally located and were well within the full width at half maximum

(FWHM) of the electron beam; therefore, only the sample displacement from the

front edge of the target and the difference in the compounds composition must

be taken into account.

To account for the different composition, recall that the calculated dose was

proportional to the total collisional specific energy loss. It follows then that the

dose on a Y123 sample is proportional to the dose and a CaF2 TLD by the

relationship:

dE

DOSEY123 - _ x DOSECF,
dE cap E (14)

To further account for the displacement from the front edge of the target

chamber, recall also that the calculated dose is proportional to the fluence and

inversely proportional to the area. Therefore, the following relationship holds:

A
DOSE2  x DOSE

A2  (15)
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where A represents the electron beam area and subscripts 1 and 2 represent the

front edge of the target chamber and the point in question in the target chamber

respectively. Combining these corrections, the measured dose is then given by

the relation:

dE)
DOS E MAS- dE x (D1)2 x DOSkaF=

(16)

where the specific energy losses are those calculated in the previous section, D

refers to the electron beam diameter (its method of determination will be

discussed in the next section), Dose CaF2 is the dose obtained from the voltage-

dose conversion plot and subscripts 1 and 2 denote the front edge of the target

chamber and the point in question in the target chamber respectively, as before.

Figure 1 is the voltage-dose conversion plot for run 2 of the experiment. The

calculated dose for the first run and a comparison of both dose determination

methods for the second run is contained in the Results section.

B. FLUENCE

Fluence is defined as the number of electrons crossing a unit area and may be

expressed as:

17
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Fig-.r.. 1. Posp vs. SEM Voltage

ot ir NIA(17)

where 0 repre-ents the fluence, N is the number of electrons and A is the electron

beam area. The number of electrons can be calculated as described earlier, and it

is only a n .tter of determining the electron beam's area to calculate the fluence.

To cietermirie the elearon beam area in this experiment, two techniques were
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used to obtain the electron beam profile entering and exiting the target chamber

which contained all the Y123 samples. The first was optical transition radiation

(OTR). Transition radiation is that radiation emitted from a charged particle as it

crosses a boundary between two media with different dielectric constants. It

appears as broad band radiation and is used for detection of high energy charged

particles and as a diagnostic tool for low energy and r,-ltivistic beams [Ref. 17].

Furthermore its spectrum may extend from the microwave to x-ray frequencies

and the polarized photons produced are generated in both the forward and

backward directions. It has been shown that the visible portion of transition

radiation (OTR) can be used since cameras and other optical equipment are

readily available for observation at these wavelengths [Ref. 171. The second

method used to profile the electron beam was done by applying a thin layer of

phosphor on a surface which the beam penetrates. When the electrons strike the

phosphor, visible photons are observed.

During the experiment, cameras connected to video monitors and a frame

grabber board in a Macintosh computer allowed us to monitor the electron beam

on line and also to store the images for post experimental analysis. From these

displays, it :s shown that the electron beam both entering and leaving the target

chamber was approximately Gaussian in shape (see Figures 2 through 5). Figure

2 is the OTR from the front of the target chamber, Figure 3 is the beam intensity
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from phosphorescence off the back of the target chamber and Figures 4 and 5 are

representative cuts from these profiles used to determine the beam size.

From the target chamber arrangement, the locations of each plate and mounted

samples were known. If the electron beam size was known going in and coming

out of the chamber one could assume that the electron beam scattered at each

plate interface and therefore the increases throughou(. the target chamber would

be discrete. The electron beam diameter would then increase by an average "step"

at each plate, where each step would be the difference between the beam size

entering and leaving the target chamber divided by the number of sample plates

contained in the chamber. Because the beam varied over time and was turned off

and on to change samples several times, the exact beam parameters were not

known at all times. To better understand the beam area, one must understand the

charge distribution throughout the target chamber.

The three-dimensional electron beam profile may be represented by a Gz ,ssion

function given by:

_-r2

p (r) poe 2 ' (18)
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Figure 3. Beam Intensity Profile as Measured with Phosphor from
the Back Surface of the Target Chamber. The perpendicular

indentations in the profile are due to cross hair pencil marks
on the phosphor.
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Figure 4. Representative Cut from Electron Beam Profile
from Front of Target Chamber.
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Where p(r) is the charge distribution, r is the radial distance off the axis and Y is

defined by the radius at FWHM, r,, 2 as follows:

02 = r2/21n2
2 (19)

Integrating over all space, it can be shown that the total charge within the electron

beam (QT) is the following:

QT -p r 1 / 2
2

1n2 (20)

where r,, 2 is again the radius at FWHM and can be measured. Solving for p, and

substituting into Equation (18), the beam profile becomes:

p (r) - Qr.n2 e- (:)2 I Z
~ (21)

It can also be shown that the charge contained within the FW-'N4HM (Ql12) is equal

to one half the total charge and it can be further shown that the average value of

p(r) for r < r,/ is:

-21n2 (22)
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This states that the average charge density over the range of the FWHM is

approximately 72 percent that at the maximum intensity. Being certain that the

Y123 samples were all within the FWHM during the entire irradiation time and

knowing that half the total charge was within this same region, fluctuations in the

beam and sample displacements off center can be accounted for by modeling an

average electron beam of height p(r) and of width 2r,/ 2 as seen in Figure 6.

The earlier assumption of discrete increments in the beam size may now be

used to determine the beams' FWHM throughout the target chamber. Finally to

calculate the fluence, the total charge determined earlier from the SEM can be

adjusted to model the average electron beam and then divided by the correct

beam area. This in turn, can be used to calculate the dose as described earlier.

Tabulated data of the electron beam profile and parameters will be presented in

the Results section.

To create the required defect density for effective flux pinning in Y123,

approximately 3.6 x 10" electrons per square centimeter were required. This was

arrived at by the following expression obtained through unit analysis:

2DV
V a/A (23)

where 0 represents the fluence, D is the defect density assumed to be approxi-

mately 10" defects per cubic centimeter based on previous neutron experiments,
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Figure 6. Electron Beam Model
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V is the sample volume assumed to be approximately 0.3 cm, N0 is Avogadro's

constant, a is the electron nuclear cross section for oxygen recoil assumed to be

approximately 50 mb and A is the atomic number of oxygen [Ref. 181. Oxygen is

used because by inspection of the weighted collisional specific energy losses in

Tables I1 and Ill, it clearly has the largest effect on nuclear recoil in the Y123

superconductor. The factor of 2 is due to the average electron beam as described

earlier.

28



III. EXPERIMENTAL SETUP, PROCEDURES AND ANALYSIS

A. EQUIPMENT SETUP

This experiment was conducted at the Linear Accelerator (LINAC) located at

the Naval Postgraduate School, A brief description is provided in Appendix A.

Figure 7 shows the aluminum target chamber provided by the University of

1. r

Figure 7. Aluminum Target Chamber Used for
Holding the Irradiation Samples.
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Houston. Because of the cylindrical shape, the sample holders were geometrically

round and supported the Y123 samples for both runs. For the first run, several

samples were placed on each plate, but as discussed earlier, all were within the

FWHM of the electron beam. For the second run; however, it was decided to

place one sample per plate located at the center. The chamber was designed to

hold many plates or spacers as needed to fill the entire chamber. The front plate

facing the electron beam was glass-beaded to provide a surface for OTR

observation and a measured crosshair was inscribed at the center so that the beam

size could be measured. Phosphor was put on the back outer plate and a similar

crosshair was inscribed again for beam measurement. This can be seen by

inspection of Figure 3, where the penciled crosshair inhibited phosphorescence.

Because a drastic decrease in T, is observed when the concentration of oxygen

vacancies increases [Ref. 131, a steady flow of ultra high pure oxygen was used

throughout the target chamber in hopes that the flow would aid in annealing the

Y123 samples. To allow for oxygen flow through the chamber, two hose

attachments were located on the top of the chamber; one for an inflow and the

other for an outflow. Likewise, the sample plates had holes through them so the

oxygen could flow throughout the chamber. To prevent the oxygen from

escaping, mylar windows were placed over both ends of the target chamber. The

outlet hose end was submerged in a bucket of water to determine that oxygen

was flowing through the target chamber by observing bubbles.
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To ensure the electron beam passed through the center of the chamber,

alignment of the target chamber with respect to the beam was crucial. Figure 8

shows a schematic of the target area. A ladder including a bull's-eye, a diffuse

screen, a front surface mirror and a blank area was placed in the vacuum

chamber. A laser was then positioned so that its light could travel through the

vacuum chamber and to a benchmark located at the beam height. Through the

use of the laser and ladder assembly the target chamber and SEM could be

aligned.

The SEM was placed downstream of the target chamber and optical stands

were used to support the sample chamber and SEM. After the alignment was

finished and because of space constraints, mirrors were positioned so the beam

could be monitored from the front and back of the target chamber. Figures 9 and

10 show the target chamber, SEM and mirrors set up as described above. To

monitor the electron beam, video cameras were used to view the beam in the

vacuum chamber, and the front and the back of the target chamber. Closed circuit

television cameras were used at the vacuum chamber and back of the target

chamber and a CCD camera (COHU model # 163241) was used for the front of

the target chamber. The COHU, model # 163241) is a small, compact, solid state,

monochrome charged coupled device (CCD) camera which is sensitive to low

intensity light and used in OTR experiments [Ref. 191. The outputs of the cameras
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Figure 9. Target Chamber, SEM, and Mirrors (Side View).

were connected to video monitors and a frame grabber board in a Macintosh

computer for imaging in the control room.
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Figure 10. Target Chamber, SEM and Mirrors from Above.

B. PROCEDURE

1. ALIGNMENT

To ensure that the samples were irradiated by the electron beam, alignment

of the target chamber with respect to the beam was critical. Required for this

alignment was the ladder assembly and laser alignment. Once the ladder was

assembled, a HeNe Laser was leveled and aligned through the center of the 45

degree port of the vacuum chamber and to a benchmark which was at the

nominal electron beam height. The ladder was then placed in the center of the
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vacuum chamber and positioned so that the mirror was aligned so that the laser

beam reflected back on to itself. A stepping motor was used to rotate and move

the ladder vertically up and down and the positions of reflection or "home" and

heights of the bullseye, diffuse screen and the vacant space were recorded. The

vacuum chamber was then closed and taken under a vacuum in preparations to

align the target chamber and the SEM.

Now that the laser and the ladder assembly were aligned with respect to

the electron beam, the target chamber and SEM could likewise be aligned simply

by using the laser and ladder assembly. With the position of "home" known, the

mirror was rotated 45 degrees and according to Snell's Law of Reflection, the

reflected laser beam through the 0 degree port designated the electron beam

trajectory. The SEM was aligned first as it was located downstream of the target

chamber and because the aluminum foils in the SEM are very large in relation to

the electron beam diameter, the alignment wasn't as critical as the chamber's. It

was subsequently placed on a level optical stand at the height of the electron

beam. The target chamber was then placed on another level optical stand

upstream of the SEM. When the laser beam was seen through both, very, small,

entrance and exit holes on the front and back faces of the target chamber

respectively, the alignment was complete. With the front mylar window already

in place, the sample chamber was then secured to the stand so that the sample

plates could be interchanged and the back mylar window attached. Mirrors were
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then placed so the front and back plates would be visible to their video cameras.

To check and maintain alignment, an additional camera was positioned so it

could view the ladder assembly, containing the scattering chamber's bull's-eye,

through a port hole.

To insure that the electron beam's trajectory was the same as the laser's, the

ladder was positioned so the bullseye was at the same height and perpendicular

to where the electron beam should be. When the electron beam was turned on,

a steering magnet was used to steer the beam so it hit the bull's-eye; therefore

maintaining the electron beam alignment with the laser the target chamber and

SEM.

2. Irradiation

Prior to the irradiation, dosimetry was conducted to establish the required

voltage-dose relationship. Five TLD's were exposed to the electron beam for the

second run but for the first run, the dosimetry was put off due to time constraints

until after the run was complete. Due to a mechanical breakdown of the LINAC,

the dosimetry was never done for the first run.

To examine the full effects of electron irradiation on Y123 superconductors,

it was necessary to examine a wide range of fluences up to the required value of

3.6 x 108 electrons per cm 2. The sample plates, with the samples already mounted,

were positioned in the target chamber with the glass beaded plate on the front

surface facing foreword and the phosphor covered plate on the back surface
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facing downstream. The back mylar window was installed and the electron beam

alignment was verified one last time prior to the irradiation. A current integrator

from the SEM was used on the first run to obtain the charge whereas a voltage

integrator was used for the second run. Throughout the experiment, the electron

beam profile images were captured on a computer for real-time analysis and were

also stored for a future and more careful review.

After the irradiation was complete for all the samples, the target chamber

and samples were allowed to "cool" down until the surface was <2 mRem per

hour on contact, prior to their analysis. This took between 15 minutes for those

samples which received less than 0.05 percent of the required fluence to 2 days

for those which received the maximum percentage of 71.

C. ANALYSIS

1. Identification

Identification was done so the radioactive isotopes produced as a result of

the radiation could be identified and their activities calculated. This was

important because the samples had to be shipped to the University of Houston

and the types and amount of radiation determines the method of shipment.

Identifying the radioactive isotees after a radiation experiment also adds to the

information gained as a result of the experiment and assists in a more thorough

understanding of the irradiation. After the samples had cooled down sufficiently,
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an energy spectrum was obtained for each Y123 sample using a Na-I(T)

scintillator and a Nucleus Pulse Height Analyzer (PHA) and compared to an

energy calibration for their identification. The PHA was calibrated using a three

point calibration consisting of standard Co57, Co6O and Cs137 sources. Knowing

the target elements and possible nuclear reactions I had a very good idea of

which radioactive isotopes might be present. To obtain a "clean" energy spectrum;

I acquired a background spectrum for the same time period of each of the sample

energy spectrums, 5 minutes, then subtracted the background from the Y123

spectrum.

Because the samples were in two groups; one being a single crystalline Y123

sample and the other being a single crystalline Y123 sample with plastic supports,

a silver base paste and silver leads for measuring the resistance, there were two

distinct energy spectrums. Figure 11 shows the spectrum of the pure samples

prior to the background subtraction, Figure 12 shows the background energy

spectrum in which a peak at 1460.8 keV identified as K40 can be seen. Figure 13

shows the spectrum of the pure samples with the background subtracted. This

spectrum was easily analyzed; whereas Figure 14 shows the energy spectrum of

the samples with leads, supports, etc... after the background was subtracted. The

complexity of this spectrum as compared to the earlier one lead to difficulties in

identifying the subsequent energy peaks because although I had an idea of which

radioactive isotopes may be present, not all the additional peaks were isotopes of
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silver and aluminum. Therefore, I had to assume there were accidental coinci-

dences or sum peaks present.

When gamma rays are emitted from a radioactive source, they enter a

scintillator, in this experiment a Na-I (TI) scintillator was used, and their kinetic

energy is converted to detectable light through photons. A photomultiplier tube,

through photoelectric absorption, converts the photons into electrons, and as the

number of electrons change, a current is produced which takes the shape of a

pulse. The amplitude of the pulse which is directly related to the corresponding

charge generated, produces a single peak which appears at the total electron

energy corresponding to the energy of the incident gamma rays.

Additional peaks caused by the coincident detection of two or more gamma

ray photons may also appear in the recorded pulse height spectrum. This

summation process involves multiple radiations from the same nuclear decay

event and is known as a true coincidence. However, another process can also lead

to summed pulses due to the accidental combination of two separate events from

independent decays if they occur within the "dead" time or resolving time of the

system. These chance coincidences may even occur in the absence of true

coincidences and when multiple radiations are involved, accidental sum peaks

may occur at all possible combinations of any two single energies. The following

relation can be used to assist in identification of any potential sum peaks:
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Nr - N 1N2 (P+P 2 ) (24)

where N is the net area of the peak divided by the acquisition time, p is the

resolving time and the subscripts R, 1 and 2 imply random peak and the two

possible summing peaks in question respectively [Ref. 20). In this experiment,

only one scintillator was used, therefore Equation (24) becomes:

A, - 2AIA2 p
C(25)

where A is the net area of the peak, p is the resolving time, t is the acquisition

time, or the time it took to acquire the data in seconds, and the subscripts R, 1

and 2 hold the same meaning as before.

The resolving time for a Na-I (TI) scintillator is 230 ns [Ref. 21]; however,

in anticipation of added dead time in the photomultiplier tube and the electronics

of the computer system running the PHA software, repeated calculations were

made of the resolving time using Co6O because of its prominent sum peak, and

the result was:

p 7500 ± 4500 n sec (26)

Even with this information however; not all the energy peaks of the complex

energy spectrum could be identified. More importantly; however, all the peaks
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from the samples by themselves were identified and a summary is contained in

the Results section.

2. Activity

Another extremely important aspect of any irradiation experiment is the

ability to determine the amount of radiation present after the irrab .-..mn. Once the

energy lines of the radioactive isotopes are identified, the activity can be obtained

by the following relationship:

RATIOAi - x AsoucE
RAT IO OURC R (27)

where A denotes the activity (Ci), the subscript 1 denotes the isotope line in

question, the subscript source denotes a reference source which is close in energy

to the isotope in question, and the ratio is defined as follows:

RATIO - PeakCount-BackgroundCount
Acquisi tionTime (28)

The ratio of the source was obtained independently of the Y123 samples and the

activities were tabulated from a reference set and corrected for their decay. The

results of these calculations are tabulated in the Results section.
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IV. EXPERIMENTAL RESULTS

A. RESULTS

The voltage-dose conversion plot (Figure 1) produces the following linear

relationship:

DOSEcaF = 2.7 ± 0.5 X 106 RADS x [ V]VOLT (29)

where [V] is the recorded SEM voltage from the voltage integrator from run 2.

Using the values for (dE/dx) for run 2 from earlier, the measured dose, Equation

(16), becomes:

DOSE w s = 2.5 x I0 RADS x XV x _))
2

VOLT D2  (30)

and thie calculated dose due to collisional energy losses becomes:

DOSEC c - 2. 1 MeV x (b x 1.6 x i0 -8 RADSgn
gm/cm 2  MeV (31)

where 0 is the fluence, corrected for the electron beam model expressed in

electrons /cm 2.
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The results of the electron beam profile analysis containing the beam area,

fluence and calculated dose for the first run are tabulated in Table IV and analysis

for the second run containing the electron beam area, fluence, calculated and the

measured dose as well as a comparison between the two is contained in Table V.

TABLE IV
BEAM PROFILE ANALYSIS FOR RUN 1

(BEAM DIAMETER, FLUENCE AND CALCULATED DOSE)

ENERGY: 88.5 MeV

PLATE BEAM DIAMETER SAMPLE FLUENCE % REQ'D IRRADIATION CALCULATED
±0.001 CM (el/cm2) FLUENCE TIME (SEC) DOSE

(±12%) (Rads x 10'0)
(±12%)

1 0345 120 2.5x10" 70.6 147,720 8.5

19 2.5x10" 70.6 147,720 8.5

2 0.362 122 2.3x10" 64.2 147,720 7.8

127 2.3x10" 64.2 147,720 7.8

3 0 380 132 2.1x 101 58.3 147,720 7.0

133 2 lx10" 58.3 147,720 7.1

4 0397 121 1.9x0'" 53.3 147,720 6.4

123 1.9x10" 53.3 147,720 6.4

5 0414 130 1.8x101= 49.2 147,720 6.0

131 1.8x101' 49.2 147,720 6.0

6A 0.432 114 4.6x101  129 48,900 1.6

117 4.6x10 1  12.9 48,900 1.6

6B 0,432 110 1.2x 00" 32.2 98,820 3.9

115 1.2x10' 32.2 98,820 3.9

7 0 448 TEM 1.5x10" 41.9 147,720 5.1

EXIT 0466 . I-
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TABLE V. BEAM PROFILE ANALYSIS FOR RUN 2
(BEAM DIAMETER, FLUENCE, CALCULATED AND MEASURED DOSE

WITH DOSE DETERMINATION COMPARISON).

ENERGY: 92.0 MeV

PLATE BEAM SAMPLE FLOENCE % EQ' D IRRADIATION CALCULATED MEASURED %
DIAMETER (1/-') rLDINCK TIME DOSE DOSE DEVIATION
*'0.001 CH (t12%) (SEC) (Rads) Rad.

1±12 ) (±10. .)

0.50C A14 8.7x C" 2.4 51,420 2.9x10' 2.4x'C' 17.2

2 0.509 A16 8.4x10 ' 2.3 51,420 2.8x10' 2.3x10' 1- 9

3 0.518 A15 8.1.101" 2.2 51,420 2.7xi0' 2.2x10' 18.5

4 0.526 A12 7.8x10"' 2.2 51,420 2.6x10' 2.2x10' 15.4

5 0.535 T2 1.5x10' 0.04 1,200 5.0x10' 4.i X1 18.0

6A C.544 T14 1.5xC11 0.04 1,200 5.0x101 4.0x10' 20.C

6B 0.544 T15 1.4x10" 0.4 10,080 4.7x10' 3.8xC' 19.2

7 0.552 T17 7.1xi01 ' 2.0 51,420 2.4X10' 2.0X10' 16.7

8 0.56i T6 6.9x1 C' 1 .9 51,420 2.3x10' 1.9x10' 17.4

Positron 6.9x10" 1.9 51,420 2.3x20' 1.9x10' 17.4

FXIT 0.570

Due to the electron beam model of an average charge density, the error

percentage for the number of electrons incident on the Y123 samples and

subsequently the fluences reported are estimated to be +/- 12 %; hence, the error

associated with the calculated dose is also +/- 12 %. Due to the error associated

with the electron beam diameter and linear regression for the voltage-dose

conversion plot, the error percentage for the measured dose is +/- 10 %. Of

interesting note however, the average deviation between the calculated and

measured dose is 17.8 +/- 0.4 %. This deviation is not too far different from the

measured dose considering the uncertainties involved.
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In comparing the electron beam for both runs of this experiment, the 88.5 MeV

run produced a beam with FWHM's between 3.45 and 4.66 mm whereas the 92.0

MeV run produced FWHM's ranging between 5.10 and 5.70 mm. There is

insufficient data however, to draw any conclusions about the dependence of the

electron beam size on the electron energy. The maximum fluence obtained was

2.5 +/- 0.6 x 1018 electrons/cm2 which corresponded to a dose of 8.5 x 101" rads.

This differs from our reported maximum value of 3.6 +/- 0.6 x 1018 electrons/cm2

as contained in Appendix D by 1/(2 ln2). This thesis contains a more accurate

model of the electron beam and accounts for the discrepancy.

Tables VI and VII show the identification summary and radioactive isotope

activity totals respectively for the second run. The Y123 samples of the first run

were not analyzed with a PHA. Those energies identified with a "'?" indicate an

undetermined identification.

The results of the University of Houston's analysis of the high temperature

superconductor samples are contained in Appendix D, a copy of our submission

to Applied Physics Letters.
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TABLE VI. IDENTIFICATION SUMMARY [REF. 221

ENERGY (Key) ID REACTION

280.4 AglO5 AglO7 (e,2n) AglO5

344.5 Ag1 05 AglO7 (e,2n) AglOS

388.4 Y87 Y89 (e,2n) Y87

485.0 Y87 Y89 (e,2n) Y87

661.6 Cs137 Ba138 (e,p) Cs137

722.0 sum AglO5 (344.5) + Y87 (388.4)

823.0??

898.0 Y88 Y89 (e,n) Y88

1053.9??

1217.7??

1460.8 K40 BACKGROUND

1540.6??

1836.0 Y88 Y89 (e,n) Y88

TABLE VII. RADIOACTIVE ISOTOPE ACTIVITY

ISOTOPE ACTIVITY (2/8/91) HALF LIFE

AglOS 0.5 n Ci 41.3 days

Y87 50 n Ci 80.3 hours

Cs1 37 0.3 g~ Ci 30.17 years

Y88 1 jl Ci 106.6 days--J
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B. CONCLUSIONS

The results of this experiment provide a methodology for irradiation

experiments at the LINAC such that the fluence and dose can be determined, the

products of the irradiation identified, and their activities calculated. These results

will offer a more complete understanding of future irradiation experiments from

the beginning to the end of the irradiation. The results show two consistent

methods of determining the dose on a target which in turn may be used as a

measure of the irradiation.

An instrumental factor in determining the fluence and dose on a Y123 sample

was monitoring the electron beam. Monitoring the electron beam using OTR and

phosphorous provided immediate analysis for rough determinations of the

fluence and dose. The saved electron beam profile images also proved to be

invaluable for more thorough analysis. OTR proved to be a better beam

diagnostic than phosphorescence because the phosphorescence, over time, "died".

Also, the phosphorescence, being initially very intense, was apt to burn a hole in

remote monitors; whereas the OTR did not. By analyzing the electron beam's

profile, an accurate model was developed for a more in depth knowledge of the

charge distribution and beam area. As a result, the information obtained from the

electron beam's location and profile provided critical information concerning the

fluence and dose.
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Table V shows the consistency between the two methods of determining the

dose. This is significant because now, after minor preliminary calculations, a fairly

accurate (+/- 17.8 %) determination of the dose on a target can be done at any

time during an experiment. Furthermore, the method of alignment presented can

be used for all experiments conducted at the Linear Accelerator at the Naval

Postgraduate School.

Post irradiation analysis was also conducted on the Y123 samples and the

radioactive isotopes produced were identified and their activities were calculated.

From Table VI, the radioactive isotopes produced as a result of electron irradia-

tion on a Y123 sample are Y87, Y88 and Cs137. It was found that the primary

background radiation peak in the nuclear radiation laboratory at the Naval

Postgraduate School is K40. Even though other isotopes are listed and are

important for analysis here, they will change depending on how the samples are

mounted to other materials. It was also determined that Y88 had the highest

activity at the experiments conclusion (1 Ci); however, taking into account the

half lives it can be seen that Cs137 will have the highest residual activity.

The conclusions of the effects of high energy electron irradiation on Y123 are

contained in Appendix D. Of worthy note is the manner in which the effects of

the irradiation on critical current enhancement were studied. The average

primary knock-on recoil energy, E,, produced by different types of radiation was

found to be related to the defect size and is approximately 100 eV for the target

52



atoms of yttrium, barium, copper and oxygen. Because it was determined that the

defect size played a vital role in critical current enhancement, this proved to be

an excellent measure of the irradiation. Recall that in my dose calculations, the

radiative losses were neglected. Therefore, as the dose is a measure of the

collisions and ionization, the average primary knock-on recoil energy is a measure

of Bremsstrahlung radiation; and hence, two measures of the irradiation are

presented.

In summary, the methods presented in this paper can be used as a reference

for use in future irradiation experiments.

C. RECOMMENDATIONS

Recommendations stemming from this experiment and research include:

(1) Dosimetry should be conducted, with at least ten unsaturated TLD

readings prior to every irradiation experiment.

(2) Prior to any shipment of irradiated samples, an analysis should be

conducted to identify the radioactive isotopes and calculate their associated

activities. This should be planned for, so that time restraints are not encountered.

(3) A library of energy spectra should be obtained to help in identifying

energy peaks.

(4) OTR should be used over a phosphorous screen if at all possible.
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APPENDIX A - LINAC CHARACTERISTICS

This accelerator is a traveling wave type which consists of three ten foot

sub-accelerators, each powered by a klystron amplifier which delivers up to 22

megawatts peak power. The RF pulse length is 3.5 microseconds, repeated 120

times per second. The electrons are injected at 80 kilovolts and exit the accelerator

at up to a maximum of 120 MeV. An average electron current of less than 1

microamp is obtained. The beam energy used was 88.5 MeV and 92.0 MeV for

runs 1 and 2 respectively. Figure Al depicts the LINAC at the Naval Postgraduate

School [Ref. 11.
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APPENDIX B - SEM CALIBRATION

Prior to the irradiation experiment, it was determined that a calibration of the

SEM was necessary in order to determine the number of electrons incident on the

Y123 samples. A faraday cup was placed in the electron beam path downstream

of the SEM. Because the aluminum foils in the SEM are incapable of stopping the

incident electrons, the electrons would travel downstream until hitting the faraday

cup, which is made of lead. Under a vacuum, the faraday cup would stop the

electrons. An efficiency of the SEM could be calculated by comparing the charge

accumulated in the SEM to the charge accumulated in the faraday cup. It was not

feasible to use the faraday cup in the present experiment due to space constraints

in the target room.

Three experiments were done to calculate the SEM efficiency. The first

experiment was to see if the efficiency of the SEM was dependent on the current

integrators connected to the SEM and the faraday cup. Once it was established

that the SEM efficiency was not dependent on the current integrator being used,

the second experiment was to determine the effects on the SEM efficiency by

changing both the electron beam current and energy. The third experiment to

determine the SEM efficiency was to see if any of the secondary electrons

produced at the SEM contributed at all to the charge determined in the faraday
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cup. The results of all three experiments were then compared to determine the

overall SEM efficiency.

The two current integrators used for the first experiment were a BIC and a

Keithley integrator. At 88.5 MeV one run was conducted with the SEM connected

to the BIC and the faraday cup connected to the Keithley, then the leads were

switched and the integrators reversed for another run at the same energy. The

results were identical. Regardless of the integrator used, the current in the SEM

was 1.27 x 10- Amperes and the current in the faraday cup was 1.00 x 10'

Amperes resulting in an SEM efficiency of 12.7 %.

Once it was established that the integ-.Lors used for the SEM and the faraday

cup had no effect on the efficiency, the effects of varying the electron beam's

current and energy were studied. By using the current obtained from the faraday

cup as the true electron beam current and by subsequently changing the current,

the efficiency as a function of current was calculated. Because the first experiment

was conducted at 88.5 MeV and at 1.0 x 10-7 Amperes, ten runs were conducted

at 88.5 MeV at three currents other than the one used in the first experiment.

Similarly, eight runs were conducted at 1.0 x 10-7 Amperes at three energies other

than the one used in the first experiment.

For the third experiment, a magnet was placed in the end station of the LINAC

target chamber to sweep out the secondary electrons produced in the SEM to

determine if they had any effect on the faraday cup. Two runs were conducted
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at 88.5 MeV and 1.0 x 10-7 Amperes and the results were consistent with the

efficiency being calculated at 12.7 % and 12.8 %. The secondary electrons had no

effect on the faraday cup. Tables B-I and B-II summarize the three experiments

and are plotted in Figures B1 and B2 respectively.

TABLE B-I. SEM EFFICIENCY VS. ELECTRON BEAM CURRENT
AS MEASURED WITH FARADAY CUP

E=88.5 MeV

ELECTRON BEAM CURRENT SEM EFFICIENCY
(A)

1.40xl 08 13.1/12.5/13.3

3.70x1 0-8 12.1/12.2/12.0

1.00x10-7  12.7/12.7/12.7/12.8

1.27xl 0-7  13.8/12.9/12.9/11.8

TABLE B-II. SEM EFFICIENCY VS. ELECTRON BEAM ENERGY
AS MEASURED WITH FARADAY CUP

1=1.00x10 7"

ELECTRON BEAM ENERGY SEM EFFICIENCY
(MeV)

24.3 12.4/12.4/13.0

29.9 12.8/12.8/12.5

88.5 12.7/12.7/12.7/12.8

90.0 12.7/12.8
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After analyzing the data, it was concluded that neither the integrators nor the

secondary electrons effected the SEM efficiency calculation at all. It was also

concluded, as can be seen by Figures B1 and B2, that the SEM efficiency wa- 12.7

+/- 0.5 regardless of the electron beam cu. nt or energy' As a comparison, the

SENI was removed and the faraday cip current was compared to the scattering
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chamber toroid in the event that the SEM failed during the experiment. At 1.0 x

10-7 Amperes the toroid read 500 mV/cm. Using this relationship, the toroid could

be used to determine the number of electrons incident on the Y123 samples. The

SEM was then placed back in the electron beam path and the SEM efficiency and

the toroid relationship were verified against the faraday cup at different electron

beam currents.
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APPENDIX C - SUPERCONDUCTOR THEORY

The phenomenon of superconductivity [Refs. 23,24,25] has intrigued the

scientific community since its advent in 1911; and since the discovery of high

temperature superconductors at liquid nitrogen temperatures in 1987, one just has

to open any scientific journal to see numerous articles from around the world on

this current "hot" topic. Superconductors have many unusual electromagnetic

properties, and most applications take advantage of them. For instance, a

superconductor exhibits no electrical re-istance to dc currents, no heating or losses

of any sort and therefore a current produced in a superconducting ring will

persist forever. Additionally, a superconductor expels applied magnetic fields

such that the magnetic field is zero ev,rywhere inside. Although classical physics

cannot explain the superconductivity phenomenon, the superconducting state is

a special quantum condensation of electrons as verified through observations such

as the quantitation of magnetic flux produced by a superconducting ring [Ref. 23].

Keeping these properties in mind, it doesn't take much though in coming up with

just a few of the endless possible applications of the phenomenon called

superconductivity.

Superconductivity was discovered in 1911 by the Dutch physicist Heike

Kamerlingh Onnes when he was studying pure mercury at very low temperatures

and observed an unmeasurable small value of resistance at 4.15 Kelvin (K). The
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definition therefore, of a superconductor, in which the resistivity is zero when the

temperature is lowered below a certain characteristic temperature called the

critical temperature (Ta), is a perfect conductor. These materials lose their

superconductivity properties, however, above a certain temperature dependent

critical magnetic field {B,(T)). Superconductors are grouped into two types. Type

I being pure elements which are characterized by one temperature dependent

critical magnetic field and Type II being those which are characterized by two and

are typically compounds.

The theory of superconductivity can be best presented by explaining Type I

superconductors. As stated earlier, Type I superconductors are those elements

which are characterized by one critical magnetic field. It is found that the Type

I critical magnetic field varies with temperature according to the relation:

B,(T) --B,(O) - --- ) ]

(C-1)

where, from this equation it is evident that B,(T) exhibits a maximum at T = 0 K

[Ref. 231. From Amperes-Maxwell's Law, the maximum current therefore, that can

be sustained in a Type I superconductor is limited by the value of the Bc(T).

Additionally, if an applied magnetic field exceeds Bc(O) the element will never

become superconducting at any temperature, and because of the inherent low
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values of the critical field characteristics of Type I superconductors, this group is

not used for the construction of superconducting magnets, or high field magnets.

In addition to the property of zero resistance, another condition which must

be satisfied for a material to be a superconductor is that the material must

demonstrate the Meissner effect. The Meissner effect is the expulsion of magnetic

fields from the interior of a superconductor such that B = 0 and is the phenome-

non that explains magnetic levitation. From Ohm's Law, if the resistivity of a

superconductor is zero so is the electric field in its interior and therefore, from

Faraday's Law of induction, the magnetic flux in a superconductor cannot

change.Hence, the magnetic field is constant in a superconductor. In fact, in 1933

Meissner discovered that when a metal becomes superconducting, the magnetic

field is expelled so that B = 0 everywhere inside a supercondactor. Therefore, in

addition to being a perfect conductor, a superconductor is also a perfect

diamagnet; and due to this last condition, a saperconductor will repel a

permanent magnet and therefore levitate.

The expulsion of magnetic field in the interior of a stperconductor actually

stems from the induction of surface currents which create an equal and opposite

magnetic field. These currents penetrate the superconductor to a depth called the

penetration depth and varies according to the relation:

T - I
A ( T ) - - ( - T ,- ) 4 1  2

(C-2)
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where X. is the penetration depth at T = 0 K [Ref. 23]. This implies that as T

approaches T , the applied magnetic field penetrates deeper into the superconduc-

tor until the entire sample is penetrated and the material returns to its normal

state. The penetration depth is of great importance when dealing with thin film

superconductors as can be imagined.

In contrast to thin film samples, bulk samples develop a magnetization, M,

when subjected to an external magnetic field which is related to the magnetic

field by:

B e r n a l - B . x t . er n a + P a M ( C -3 )

Since B,,terai = 0 for a superconductor, equation (29) reduces to:

M - -- XB
9° (C-4)

where X = -1/ and is called the magnetic susceptibility [Ref. 231. This states that

the magnetization opposes the external magnetic field which again supports the

essential fact that a superconductor exhibits perfect diamagnetism.

The critical magnetic field can also be described in terms of the energy increase

of the superconducting state due to the exclusion of magnetic flux from its

interior compared to the normal state, which allows the flux to penetrate, and is

given by the expression:
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Bc 2

1 A O +( C -5 )

where E, is the energy of the superconducting state, En is the energy of the

normal state and B,2/2 o is the energy increase [Ref. 23]. Although simple

electricity and magnetism can explain most of Type I and Type II phenomena,

type If superconductors are generally more complex.

Type II superconductors are characterized by two critical magnetic fields.

Below Be(lower) they behave like a Type I superconductor and above Bj(upper)

the superconductor returns to its normal state. When the magnetic field is

between these two boundaries, the superconductor is in a mixed state and any

current that is present may lead to a motion of vortices perpendicular to the

direction of the current and therefore; the mixed state is often thought of as a

vortex state [Ref. 23]. If the current is large enough, these vortices will increase

the resistance above zero and return the superconductor to its normal state. The

value of that current which produces vortices sufficiently large enough to destroy

the superconducting state is called the critical current (J ). Defects created in a

superconductor, such as those created with high energy electron irradiation,

provide pinning centers for the vortices, or changes in flux with time. Therefore,

as a current flows through the superconductor the pinning sites trap the vortices
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and result in zero resistance in the mixed state, and thereby, increase the critical

current.

In comparison to Type I superconductors, those amongst Type II have much

larger critical magnetic fields and are therefore the superconductors utilized for

practical applications. One possible application is the exploitation of the

supercurrents which are associated with large magnetic fields. For instance, if a

superconducting ring with T<T, is placed in an external magnetic field, the

magnetic flux will pass through the hole in the loop despite not penetrating the

interior of the superconductor. When the external field is removed, the flux

through the hole in the loop will remain trapped, because the flux through a

superconductor cannot change, and therefore; an induced current will appear in

the loop. If the dc resistance in the loop is zero, the current will persist forever.

In addition to their electromagnetic properties, superconductors have equally

unique thermal properties which help in understanding the theory behind

superconductivity. When heat is added to a metal, the energy is used to excite

lattice vibrations and to increase the kinetic energy of the conductior electrons.

The electronic specific heat, C, of a metal is defined as the ratio of the heat

absorbed by the electrons to the corresponding temperature increase. For a

normal metal at low temperatures, the specific heat varies according to the

relation:
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C = AT+BT 3  (C-6)

where the linear term is due to electronic excitations and the cubic term is due to

the lattice vibrations [Ref. 23]. In contrast, however, the specific heat of a

superconductor suffers a large increase at T, resulting in a discontinuity and

thereafter decreases by exp (-Eg/2kT), where E, is the energy gap and can be

explained by the BCS theory of superconductivity.

The BCS theory, named for Bardeen, Cooper and Schrieffer is the accepted

theory for explaining the superconducting state. As electrons travel near lattice

ions, the coulomb interaction d!:,places the ions such that a local positive charge

density is produced. As more electrons pass the displaced ion, it oscillates at the

speed of sound and behaves as a harmonic oscillator. The quantum of this lattice

vibration is a phonon, and as each of the phonons travel through the lattice, they

act as an attractive force as they encounter other electrons. This electron-phonon-

electron interaction couples two electrons which are called a Cooper pair and is

the central theme of the BCS theory. As the coupled electrons have equal and

opposite spin and momenta; a Cooper pair forms a system with zero total

momenta and spin, and therefore act as bosons and may all be in the same state.

The attractive force between the electrons is not strong enough however to

overcome their coulomb repulsion and therefore they are separated by a distance

known as the coherence length. One author describes the Cooper pair as
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analogous to a helium atom in that both are bosons and have zero spin; and just

as the super fluidity of liquid helium is viewed as a condensation of bosons in the

ground state, superconductivity may be viewed as a super fluid state of Cooper

pairs, all in the same quantum state [Ref. 23]. According to the BCS theory, a

ground state is defined as the state in which all electrons form Cooper pairs

which in turn are all in the same quantum state of zero momenta. Because the

phonons emitted by a Cooper pair interact with other pairs, all pairs act

collectively and it becomes impossible to differentiate one pair from the other in

terms of their momentum. Therefore lattice imperfections and vibrations, which

scatter electrons in normal metals, have no effect on Cooper pairs and therefore

the resistivity is zero. Additionally, if no magnetic field is present, all pairs have

zero momentum and; conversely; if a magnetic field is applied all pairs will have

the same momentum. If the magnetic field is large enough, the Cooper pairs will

break up into a state where both spins are pointing in the same direction as to

lower their energy. This is the upper value of the critical magnetic field and

explains the magnetic field breakdown of a superconductor.

Due to these "collective" properties, a condensed state of Cooper pairs can be

represented by a single coherent wave function, and the stability of the

superconducting state, therefore, is heavily dependent upon the correlation

between Cooper pairs. This behavior can be explained in terms of the energy

levels of a superconductor. The attraction of Cooper pairs lowers the energy of
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the pair relative to the Fermi energy of the unpaired electrons due to the work

necessary in separating the electrons. This difference in energy is called the

energy gap, EV, and it represents the energy required to break up a Cooper pair.

This energy gap exists between the ground state and excited state of superconduc-

tor only. Recall that for a normal conductor at T = 0 K; all states below the Fermi

energy, the largest kinetic energy free electrons can have at T = 0 K, are filled

and likewise all states above the Fermi energy are empty. Although, the energy

gap for a superconductor is small as compared to a semiconductor, the gap is

large enough to cause differences in specific heats for superconductors and

normal metals; and varies according to the relation:

Eg = 3.53 KT¢ (C-7)

whereupon it is evident that superconductors with large energy gaps have higher

critical temperatures [Ref. 23]. Additionally, as the temperature increases,

thermally excited electrons interfere with Cooper pairs and reduce the energy gap

until it reaches zero at the critical temperature.

The continued research on superconductors paid off in 1987 when high

temperature superconductors were developed so that liquid nitrogen vice helium

can be used to develop the superconducting state. The first high temperature

superconductor was the Y123 compound developed at the University of Houston.

The Y123 superconductor has a fully ordered crystal lattice consisting of planes
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of yttrium, barium and copper, in which none of the metals mix. In between the

yttrium and barium layers, copper atoms combine with oxygen atoms in

pyramids. The pyramid bases face each other across the yttrium plane and form

the ab plane which is the supercurrent carrying plane. The c-axis is perpendicular

to this plane and is the axis which angular irradiation is referenced. In between

the two consecutive layers of barium, copper and oxygen again combine in a flat

diamond, the corners of which are connected to other similar diamonds. Figure

C1 is an illustration of the Y123 crystalline structure [Ref. 24]. It is apparent from

the crystalline structure; therefore, that the properties of Y123 and other similar

high temperature superconductors are heavily dependent upon the peculiar

bonding between the copper and oxygen atoms. In 123 compounds, the oxygen

content changes the copper's valence state and a resulting strong correspondence

with superconducting properties exist [Ref. 24], and as stated earlier, a material

with too many oxygen vacancies will not superconduct. Additionally, because

different isotopes of oxygen, barium and copper do not alter the 123 superconduc-

tor properties at all; whereas other superconductors change with different

isotopes, the phonon interaction, heavily dependent on mass may not be the

major contributor to electron pairing in ceramic superconductors [Ref. 24). Two

possible explanations are that excitons (electron hole pairs) provide attraction and

the other theorizes that magnetic interactions provide attraction for the electron

pairs [Ref. 241. To date, there is no one accepted theory for electron interaction in
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high temperature superconductors but continued research into their properties

will, no doubt, develop one soon.

Fig-ure Cl. Y123 Crystalline Structu:e.
-1arc black balls represent the large

white balls represent Baruim, the small black balls
represent Copper and the small white balls represent
Oxygen. (Ref. 24]
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I. INTRODUCTION

One of the critical frontiers for pracical use of high temperature

superconductors (HTS's) is the effective introduction of artificial pinning

centers to increase the current carrying capacity. Based on the pinning

models and the measured coherence lengths ( ) of HTS's, defects of 30 to

100 A have been commonly accepted as effective pinning centers.

However, it has been suggested that much smaller and larger defects may

also play an important role in enhancing .01, alt.,'_aigh efforts made to

introduce such defects have not been entirely successful. Civale et al.1

proposed that point defects were respoinsible for the large Jc enhancement

of their proton-irradiated YBa2Cu30-,.o (Yl23) single crystal. Along this

line, various cation substitutions might also be expected to be beneficial.

On the other hand, M. Murakami et a!2 suggested that large Y2BaCuO5

(Y211) precipitates (- gm size) are pinning centers in melt-textured Y123.

Tiny segregated second-phase particles introduced by nonstoichiometric

composition would tr.en be a good candidate for Jc enhancement. With the

existence of suci' disparate views on the size of an effective pinning center,

it is clear that knowledge of the size- and shape-dependence of the pinning

force is very important.

Using fast neutron and electron irradiation of various energies we

have produced defects with sizes rangi:.,g from point displacements to

extensive amorphous tracks (- gm). Although irradiation by electrons 3 -5

and fast neutrons 6 -8 has been previously performed, we present for the

first time a svstematic comparative study of their effects on Jc. By

adopting the change in critical temperature (Tc) as the measure of the

atomic displacement damage, we are able to determine quantitatively the



relative effectiveness of the various beams and energies. In this way, it is

found that fast neutron irradiation is the most effective in enhancing Jc.

From comparison of the beam effectiveness the importance of defect size

in flux pinning is induced. Preliminary results show that defects of 10 to

20 A and above are required for substantial increases in Jc. However,

much larger track-like defects 1 gtm are counter-productive when

perpendicularly oriented to the field, placing an upper-limit on the defect

size.

II. EXPERIMENTAL

Samples of melt-textured Y123 (- .lxl.lxO.7 mm 3 ), whose

preparation is described in Ref. 9, were dry cut with a diamond wafer

blade. The material was well oriented with the c-axis parallel to within 3

degrees of the shortest dimension as verified by XRD. The electron

irradiation was carried out at the Naval Postgraduate School Linac in

flowing oxygen under ambient conditions with an average current of 0.3 to

0.7 ,tA in a 3.5 mm beam diameter. The maximum fluence obtained was

(3.6±0.6)x1018 e/cm2 . Four sets of samples were irradiated with the

corresponding angle between the c-axis and the electron beam being 00,

30', 600, and 90'. Fast neutron irradiation was done at the University of

Missouri Research Reactor to a maximum fluence of 4x10 1 8 n/cm 2 . All

%amples were measured with a VSM or SQUID magnetometer before and

after the irradiation. The preirradiation values of Jc (77 K, 1 T) were

greater than 104 A/cm 2 for all samples studied.
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III. DISCUSSION

The central point of this work is to compare the effects of different

types of irradiation and thus the effects of different defect sizes on the flux

pinning force. For that purpose, proper measurement of the total radiation

damage is critical. Of the two types of radiation damage, ionizing and

nonionizing, it has been shown that ionization energy loss is not important

to superconductivity. Summers et al.lO show that the decrease in Tc (ATe)

of Y123 is linearly proportional to the nonionizing energy loss for many

different particles and energies. They further proposed that the

nonionizing energy loss is proportional to the total atomic displacement

density, regardless of whether the atomic displacements are grouped in

clusters or are in the form of isolated point defects. ATc is therefore a

measurement of the total nonionizing radiation damage, or equivalently,

the total number of atomic displacements. The value of ATc may be

measured experimentally or calculated based on the dose and the

nonionizing energy loss of the beam. In the case of 100 MeV electrons, for

example, it was possible to do both. Our measured Tc loss of 0.8

Kcm 2 /10 18 e is in reasonable agreement with Summers' prediction of 1.0

Kcm 2/10 18 e.

The increase in Jc for 100 MeV electron and fast neutron irradiation

is plotted in Fig. 1 using ATc as the dosage parameter. From the figure it

can be seen that the fast neutron irradiation results in a greater increase in

Jc. Another feature observable in Fig. I is the semilinear increase of Jc for

the fast neutron irradiation followed by a saturation. This feature has also

been observed in other studies such as 3 MeV proton,1 3 MeV electron, 5

fast neutron, 8 and 2 MeV proton 13 irradiation. While there is insufficient

T-__
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data to make this conclusion for the 100 MeV electron irradiation, it is

reasonable to conclude that a similar behavior exists. In the case of the

individual pinning model a linear dependence of Jc on dose is expected.

However, the prediction of linear behavior is not restricted to individual

pinning. In the 2D 1  and the 1D 12 collective pinning theories, a semilinear

dose dependence of Jc is also predicted.

Our goal in comparing the effectiveness of different irradiations is

simplified by the presence of the nearly linear increase in Jc. To compare

the beam effectiveness on an equal footing we calculate AJcB/ATc in the

linear region. This amounts to normalizing the increase in pinning force to

the total atomic displacement damage. Values of AJcB/ATc at 77 K and 1 T

are shown in Table I for our electron and fast neutron irradiation. Also

included in Table I are values of AJcB/ATc calculated from Refs. 1, 4, 6-8,

and 13 for various irradiations of single crystal and quasi-single crystalline

Y123. Due to the normalization, differences in AJcB/ATc among different

irradiation techniques are caused solely by the distribution (not the

amount) of the induced damage. In fast neutron damage, for example,

nearly all atomic displacements occur in cascades of energy 1 keV < E < 200

keV. 14 These cascades generate clusters of atomic displacements which

may be interpreted as large defects. On the other hand, electrons and low

energy protons which interact mainly through the long range weak

Coulomb potential, predominantly produce isolated point defects. The

greater effectiveness of fast-neutron irradiation is likely due to the

presence of these larger size defects.



An independent test of defect-size effects was made by irradiating

with 100 MeV electrons at four different angles to the c-axis. As

mentioned previously, the main defects created here are point defects,

which are small enough that they should behave isotropically to the field.

Only the collisions with energy transfer > 105 eV are expected to produce

extensive cylindrical defects which could behave anisotropically to the

field. Compared to the point defects, these large defects are at the ppm

level. Since angular dependence is observed, as shown in Fig. 2, these rare

defects must play a disproportional role either as pinning centers when the

field is parallel to the defects or as weak links when the field is

perpendicular to them. The similar anisotropic behavior is observed at

various doses, so the percolation between these extensive defects could not

be the only reason for anisotropy.

In order to obtain a more quantitative picture of the importance of

defect size in flux pinning we consider the average primary knock-on

recoil energy Ep produced by different types of radiation. Cascades of

total energy Ep are initiated by the primary knock-on atom. The size of

cluster defect generated in these cascades is an increasing function of Ep.

Due to the Coulomb interaction, electrons and low energy protons have 15

Ep _ Edln(Ep(max)/Ed) where Ed is the minimum energy to create one

displacement. For the electron and proton irradiation considered here, Ep

averaged over collisions with Y, Ba, Cu, and 0 is on the order of 102 eV.

Fast neutrons, interacting through a nearly hard-sphere potential have Ep

= Ep(max)/2. The value of Ep is about l04 eV averaged over all collisions

in Y123. A plot of the normalized flux pinning force enhancement vs Ep

is shown in Fig. 3. Although there is a significant spread in the values, it is
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apparent that the enhancement is higher for higher Ep. The steep rise in

force from 3 MeV to 100 MeV electron irradiation is indicative of a

threshold. The threshold appears to be at 200 eV recoil energy from the

graph but is probably at higher energy due to the tail in the distriution of

Ep's above Ep . The lower rate of increase in force from 100 MeV electron

to fast neutrons indicates a saturation in the total normalized pinning force

with defect size.

The data above is taken as evidence of far greater flux pinning

enhancement for defects larger than point defects. Nevertheless, the high

ratio of point defects to cluster defects in 3 MeV proton irradiation1 and

the absence of visible defects > 15 A in TEM images from 1 MeV electron

irradiated Y123 has been offered 16 as evidence for point defect pinning.

In attempt to resolve this controversy we consider the defect density in a

typical cascade initiated by a 1 keV oxygen recoil. The number of defects

(including vacancies, interstitials, and replacements) created in a cascade

of energy Ep is Ep/Ed. Using Ed = 20 eV the number of defects created is

about 50. The projected range of a 1 keV oxygen recoil in Y123 was

estimated at 30 A from a Monte Carlo simulation. 17 If the volume of the

defect is taken as 4nt/3 (15 A)3 the local defect density will be 0.050 dpa.

According to Summers et al. this defect density amounts to a local Tc

depression of - 30 K, which is sufficient for the region to act as a pinning

center. Numerical simulation, however, of similar defects has shown that

this type of defect may not be visible by TEM. 1 8

The existence of a defect-size window for effective flux pinning is

consistent with other experimental observations. The lack of significant

.... .. -e i IN I N I lll ni ilan nln l
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enhancement of Jc in chemical substitution experiments supports the

conclusion that point-like defects are not effective. 19  Furthermore, the

angular data shows that when the defect is too large in the direction of

vortex motion it can act as a weak link. This implies that large scale

chemical impurities such as Y211 precipitates may not be viable flux pins.

Finally, fast neutron irradiation is expected to be far superior to charged

particle irradiation for increasing transport Jc since the percentage of point

defects is much lower. This seems to be the case based on fast neutron, 2 0

proton, 2 1 and electron 2 2 irradiation of thin films, as well as our bulk

electron and fast neutron irradiation.

In summary, it has been observed that enhancement of Jc strongly

depends on the type and energy of radiation and on the beam direction.

The dependence of the normalized pinning force enhancement on the

average primary knock-on energy indicates a threshold defect-size for

effective flux pinning exists. The lower range for effective pinning is a

,-3scade defect 10 to 20 A in size. Defects of this size and larger are at least

103 times more effective in flux pinning than point effects.
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TABLE I.

Values of the normalized Jc enhancement and the average primary recoil
energy for various beams and energies are shown for this work and other
studies on high quality Y123.

Source Reference AjcB/ATc (AT/KcM 2 ) Ep (eV)

(77 K, 1 Tesla)

3 MeV e- [141 1.8x10 3  6.8x101

3 MeV p Ill 1.5X10 4  2.Ox 1 ( 2

3.5 MeV p [13] 1.0x 105  3.0x10 2

100 MeV e- this work 4.Ox 10 4  I X10 5  2. 1 x10 2

fast neutron [6] 5.6x10 6  2.0x10 4

f ast neutron [7] 2.0x 105  2.0x10 4

fast neutron [8] 9.0X 104  2.0x 10 4

fast neutron this work 6.0x 105  2.0x10 4
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FIGURE CAPTIONS

Figure 1. Increase in Jc for fast neutron and 100 MeV electron

irradiation at 77 K and I T compared using the atomic

displacement damage parameter ATc.

Figure 2. The dependence of Jc enhancement on the angle of 100 MeV

electrons to the c-axis of Y123 at two doses 2x10 17 e/cm2 and

4x10 18 e/cm 2 .

Figure 3. Plot showing the relationship of the enhancement per unit

damage AJcB/ATc at 77 K and 1 T, to the average primary

knock-on energy Ep. Bold data points are from this work.

Other data is drawn from Refs. 1, 4, 6-8, and 13, and are

identified in Table 1.
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